The effect of pore induction on increasing electrospun fibrous network specific surface area was investigated in this study. Theoretical models based on the available surface area of the fibrous network and exclusion of the surface area lost due to fibre-to-fibre contacts, were developed. The models for calculation of the excluded area are based on Hertzian, Derjaguin-Muller-Toporov (DMT) and Johnson-Kendall-Roberts (JKR) contact models. Overall, the theoretical models correlated the network specific surface area to the material properties including density, surface tension, Young's modulus, Poisson's ratio as well as network physical properties such as density and geometrical characteristics including fibre radius, fibre aspect ratio and network thickness. Pore induction proved to increase the network specific surface area up to 52%, compared to the maximum surface area that could be achieved by non-porous fibre network with the same physical properties and geometrical characteristics. The model based on Johnson-KendallRoberts contact model describes accurately the fibre-to-fibre contact area under the experimental conditions used for pore generation. The experimental results and the theoretical model based on Johnson-Kendall-Roberts contact model show that the increase in network surface area due to pore induction can reach to up to 58%.
Introduction
Electrospinning is a straightforward method for the production of polymer fibres with diameters down to the nanometre scale 1 . During this process a polymer solution is accelerated towards a grounded collector under forces applied by an electric field.
The stretching of the macromolecular chains, caused by the repulsive forces between homonymous charges and the simultaneous solvent evaporation lead to the deposition of ultrathin fibres on the collector. One of the main advantages of the produced fibres is their high Specific Surface Area (SSA). Hence, those materials are becoming popular in applications like filtration 2 or catalysis 3 , where higher values of SSA are of importance.
Porosity induction is generally considered as an effective method for increasing the SSA of any material. Thus pore generating methods, such as the use of humidity 4 and phase separation 5 have been successfully combined with electrospinning for the production of porous polymer fibres. Even though, generally, networks composed of porous fibres seem to possess higher SSA than networks composed by non-porous fibres 6 , an accurate evaluation of the pore induction efficiency in terms of network SSA increase is scarce in the literature. Acquiring such knowledge can be extremely useful in evaluating the efficiency of different proposed methodologies (e.g. pore induction or fibre diameter reduction) for increasing the network SSA. A common approach that has been implemented is the comparison between SSAs of networks produced under the same experimental conditions independent of the pore generating mechanism 7 . However, in addition to fibre porosity, other properties that contribute in the configuration of the network SSA (fibre diameter and network density) were also different in the samples. Thus, such an approach can only be used for evaluating the efficiency of the pore generating mechanism in increasing the network SSA. Furthermore, the lack of ability to simultaneously control both fibre diameter and network density, highlights the necessity for use of theoretical modelling to help quantify SSA values for a given fibre network. Upon examining the relevant literature, theoretical works such as that of Eichhorn and Sampson 8 , which use statistical approaches to predict the electrospun network SSA. Nevertheless, those methods do not include contact mechanics models for more accurate quantification of the network SSA. Therefore, there seems to be a requirement for further improving of the existing statistical models through combining with existing contact mechanics models.
The dual aim of this study is to verify the fibrous network SSA increase due to pore induction and subsequently, quantify the associated SSA values. In this study, the statistical approach is combined with available theories in contact mechanics for the development of appropriate theoretical model; correlating the fibrous network SSA to readily measurable characteristics. In doing so, three different contact models are considered in this study. The model that most accurately predicted the network SSA was selected based on experiment results for networks composed of non-porous fibres. Finally, the calculation of the rise in network SSA due to pore induction was performed through comparison between the theoretically predicted SSA of a network composed of non-porous fibres to the experimentally measured SSA of a network composed of porous fibres with the same physical properties and geometrical characteristics. The polymer used in this study was poly (ε-caprolactone) (PCL) and 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 a combinative electrospinning-Non-solvent Induced Phase Separation (NIPS) technique was used for the production of porous fibres 9 . The approach presented in this study provides a more detailed analysis of the individual factor contribution in the configuration of an electrospun network SSA compared to the existing models.
Theoretical Analysis

Net specific surface area
A description of the phenomenological processes occurring within the fibrous network can facilitate understanding of the principles based upon which the theoretical model is developed. The network SSA is created by the fibre bodies. The individual fibre characteristics determine the maximum available network SSA.
However, the individual fibre-to-fibre contacts within the network decrease the actual SSA. Each contact deducts from a given amount of the overall network SSA, hence is the deviation from the maximum available network SSA. To determine the excluded area two parameters should be specifically determined: number of the fibre-to-fibre contacts and the contact area at each individual contact point.
Therefore, the net specific surface area, ܵ ௧ , can be expressed as follow:
where, ܵ ௫ , ܰ and ܵ ௫ stand for maximum available surface area, the number of fibre-to-fibre contacts within the network and the area excluded due to each contact, respectively.
Maximum available specific surface area of the fibrous network
The maximum available network SSA is calculated based on the assumption that all the fibres constructing the network are cylinders of equal radius ܴ with individual length ‫ܮ‬ . Thus, the maximum network SSA can be written as follow:
where, ݊ is the number of fibres from which the network is composed of.
Normally, the length of the fibres is significantly larger than their radius (typically the ratio L 1 /R is much higher that 1000 10 ), therefore equation (2) can be simplified to: 
where, ‫ܮ‬ = ݊ ‫ܮ‬ is the sum of the length of the fibres in the network.
Considering the density of fibre material, ߩ , and the volume of a cylinder, the maximum network SSA (per unit mass) can be calculated as:
Equation (4) demonstrates that the maximum SSA of a fibrous network (achievable when no fibre-to-fibre contact occurring within the network), composed of smooth surface fibres, is proportional to the reciprocal of fibre radius, ܴ and material density, ߩ .
Number of fibre-to-fibre contacts
Studies that use statistical approaches for calculation of the number of fibre-to-fibre contacts within a fibrous network are available in the literature (e.g. see Eichhorn
and Sampson 11 ). Nevertheless, the work of Bagherzadeh et al 12 was selected for adaptation in this study, since they more realistically exclude the fibre length occupied by previous contacts prior calculating the probability for any further contact.
According to that study, the average number of contacts per unit fibre mass in a multi-layer fibrous network is:
where, ߝ is the porosity of the fibrous network, ߣ is the fibre aspect ratio, ݊ is the number of layers in the network and ‫ݐ‬ is the thickness of the fibrous mat. Those parameters mentioned above are given as follow, respectively: In the absence of any dynamic structural vibrations of the fibre network, based on the Hertzian contact theory, the contact area between two elastic bodies with convex surface profile is determined by four parameters 13 : the material from which the bodies are made, the normal force applied on the bodies, the size of the bodies, the shape of the bodies and finally their orientation with respect to each other.
Contact area based on Hertzian model
In the case of fibrous network, the contact can be easily assumed that occurs between two cylinders. However, before proceeding further with the analysis of contact between two cylinders, for the ease of understanding, it might be easier to consider the contact between two spheres at the first instance. The contact area of two spheres with equal radii ܴ ௦ is a circle, as shown in Figure 1 . The maximum local displacement of the spheres at the contact footprint is given by:
where, ܽ is the radius of the circular contact area and ܴ is the reduced radius of curvature, which for the contact of spheres of equal radius ܴ ௦ , is given as follow:
The radius of the circular contact area, ܽ can be calculated by: 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 where, ‫ܨ‬ is the applied force at the contact and ‫ܧ‬ * is the reduced Young's modulus of elasticity for the contact, which for spheres made by the same material is given by:
where, ‫ܧ‬ and ‫ݒ‬ are Young's modulus of elasticity and Poisson's ratio of the sphere material, respectively.
In the case of the fibrous network, the contact occurs between randomly oriented cylinders. The issue, however, can be simplified by employing the methodology described by Bhushan 13 for calculating the equivalent radius of contact for two cylinders which are in different orientations. The basis for that is the change of the coordinates of set of axes formed by the cylinders. The new set of axes for two cylinders of the same radius has to meet the requirement of:
where, ܴ is the radius of the cylinders and ߠ is the angle formed by them due to the difference in their orientations.
The equivalent radius of curvature, ܴ , is then calculated by the following relationship:
This equation can be used in equation (11) for the calculation of the radius of equivalent circular contact area: Subsequently, the displacement of the equivalent spheres can be found by using equation (9) with the R rc replaced by 2R e .
Since no external force is applied on the network, only the weight of the portion of the network above each layer can be considered as the applied force on the contacts in that particular layer. The network is considered to be composed by ݊ layers of equal mass. The weight of each layer can be calculated as follow: 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 However, the force that applied on each layer is not the same across the network.
The force applied on any layer will depend on the weight of the layers above. For instance, the bottom layer receives the weight of ݊ − 1 layers; the second layer receives the weight of ݊ − 2 layer and so on until the top layer, which receives no force (see Figure 2 ). The average force that is applied on each layer within the network is:
The total applied force on each layer is then equally distributed to all the contacts occurring on the same layer (see Figure 3) . Subsequently, the force applied on each contact, per unit mass, can be found through dividing the total weight experienced in that layer by the number of contacts occurring in the same single layer: Considering that a contact always occurs between two surfaces, each contact detracts the sum of the two spherical caps in contact. Therefore, the total excluded area at each contact point is:
Combining equations (9)- (19) the Hertzian contact area of two cylinders of same material inclined at an arbitrary angle, ߠ, is given by:
Equation (20) can be simplified further by introducing an orientation angle factor, Θ, defined as follow:
Since the fibres are randomly oriented within the fibrous network, the probabilities of the contact angle to lie at any value within the range between 0° and 90° are equal. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Thus, an average value for angle factor can be estimated through integration of the term in equation (21):
Using this definition and obtained statistically average value, the average excluded area due to proposed Hertzian contact model within a fibrous network is given by:
Contact area based on adhesion models
The model developed by Hertz is not universally applicable, since it is subject to certain limitations. In particular it does not take into account adhesion between the two bodies in contact due to various forces of electrostatic/dynamic nature that exist between two surfaces. Different methodologies, such as DMT model 14, 15 and JKR model 16 , have been developed to include the adhesion effect in the calculation of the contact area. The difference between the two mentioned adhesion models is that the DMT model considers only the adhesive forces acting outside the contact area, whereas the JKR model considers only the forces acting in the contact area 17 .
In this study both of these models have been examined and the results are compared with those predicted by aforementioned Hertzian theory.
The radius of the circular contact area predicted by the DMT model is given by:
Whereas, the radius of the circular contact area predicted by the JKR model is given by:
Following the same methodology that has been developed for a Hertzian type contact, equation (23) 
Experimental Investigation
Materials
All the chemical materials were purchased from Sigma-Aldrich and used as delivered.
The average molecular weight of PCL was 80,000 gmol -1 . Chloroform (CF) and dimethyl sulfoxide (DMSO) had purity of above 98%, whereas for the formic acid (FA) it was above 95%. Cationic surfactant tetrabutylammonium benzoate (TBAB) was also used in the experiments. 
Electrospinning experiments
Fibre morphology characterisation
Field emission scanning electron microscopy (FESEM, Carl Zeiss (Leo) 1530VP) was used for the measurement of fibre diameter. All the samples were sputter coated by gold (Q150T ES, Quorum) prior to their observation under the microscope.
The diameter of the fibres on the images obtained by FESEM was measured by AxioVision software. At least 50 fibre diameters were measured per sample, in order to ensure the accuracy of the measurements. The fibre length was measured using a 30 cm ruler (increments of 1mm). In order to minimise the fibre aggregation effect, the fibres that remained on the collector after the removal of the electrospun mat were used. Those fibres were uncoiled and extended to their full length prior to the measurements. A minimum of 5 measurements were completed for each sample.
Fibrous network characterisation
All samples were left overnight in a vacuum oven at room temperature for the complete removal of any residual solvent from the production process prior density and SSA measurements. Gas adsorption (ASAP 2020, Micrometrics) was used for the measurement of the electrospun mat specific surface area. Potential gases or vapours absorbed at the sample surface were removed by outgassing the samples.
Gas pycnometry (9200 Helium Pycnometer, Micrometrics) was used for the measurement of the electrospun mat density. A digital calliper (ABSOLUTE AOS, Mitutoyo) was used for the thickness measurements of electrospun mats. At least 5 measurements were performed on each mat in order to obtain an average value.
Results and Discussion
The design for the experimental testing of the theoretical models involved the production of both, networks composed by porous and non-porous fibres. The former were to be used for the quantification of the pore induction efficiency in terms of surface area increase. The latter were to be used for the determining the contact model that predicts the contact area between the polymer fibres within the network more accurately. This subsequently, results in a more accurate prediction of the overall network specific surface area. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 In total five samples were produced, where in two of which the fibres were nonporous and in the remaining three the fibres were porous. The images of the produced fibrous networks are shown in Figure 4 . Table 2 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Network porosity (ε) was calculated using equation (6) electrospun PCL fibres to be approximately 3.7 GPa, whereas the a value of 0.3 has been considered for Poisson's ratio 19, 20 . A value of 0.04 J/m 2 was used as the surface tension of polycaprolactone 21 . Table 3 summarises the results predicted by the three theoretical models and the experimentally obtained values for the SSA of the five electrospun fibrous networks. A reference point was used in order to verify the increase in fibrous network SSA due to pore induction. This point is set to be the maximum SSA that a fibrous network, composed of smooth surface fibres with a given diameter, can achieve as defined by equation (4) . Non-porous fibres cannot surpass this threshold and therefore, if the porous fibres were able to exceed this, pore induction would be proven to be a successful technique in terms of increasing SSA. The results of experiments as shown in Figure 5 prove this point. In the case of non-porous fibres the experimentally observed network SSA was always lower than the calculated maximum SSA (by around 36 and 29% for samples 1 and 2, respectively), due to the fibre-to-fibre contacts. In the case of porous fibres, however, the maximum SSA determined experimentally always surpassed the calculated ones by about 14, 52 and 42% for samples 3, 4 and 5, respectively. As was shown in Equation (4), the maximum available SSA is inversely proportional to the density of the material the fibres are composed of. In the case of smooth surface (non-porous) fibres, the fibres are exclusively composed of the polymer and therefore, the fibre network density and the polymer material density match. On the other hand, in the case of porous fibres, the fibre body is a mixture of polymer and air. Since air is lighter than the polymer, the fibre density is lower compared with the smooth surface fibres and subsequently, the maximum available specific surface area of the network is enhanced.
An interesting observation in Figure 5 is that the SSA of samples 1 and 2 (nonporous) was higher than the SSA of samples 3-5 (porous). That phenomenon was caused by the smaller diameter of the fibres in samples 1 and 2 (< 1 µm) compared to the fibre diameters in samples 3-5 (between 1.5 -3.3 µm). That highlights the necessity for the consideration of all contributing factors in SSA calculation, since otherwise mislead conclusions might be extracted.
Having verified the increase of the specific surface area following pore induction on electrospun networks, it is essential to also quantify the amount of augmentation.
The approach previously presented underestimates the increase in SSA since the excluded surface area due to fibre-to-fibre contacts was not taken into account in the case of the porous network. In order to include this, the most suitable contact model in the investigated samples had to be identified. The Tabor coefficient 22 , defined by Equation (28), has been used for such purpose. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 It should be noted that the developed models presented in this study are not expected to be universally applicable in electrospun fibrous networks. Phenomena like bead presence on the fibres, varying fibre cross sections (e.g. ribbon), special fibre orientation (e.g. aligned) or incomplete fibre drying are common in electrospinning and should be taken into account in individual cases. Furthermore, the state of the network can be affected by the experimental conditions (e.g. any kind of flow is expected to change the applied force). Nonetheless, the work presented here provides a general methodology and further modifications are certainly required in order to take into account the conditions present under any given circumstances.
Conclusions
Increase in SSA of electrospun fibrous network due to pore induction was investigated in this study. Theoretical contact mechanic models based on Hertz, DMT and JKR, correlating the network SSA to its physical properties as well as geometrical characteristics (such as fibre diameter, fibre aspect ratio, network density, and network thickness) were developed. The models offer a more detailed analysis of the factors contributing to the configuration of electrospun network SSA.
SSA of networks composed by porous fibres is up to 52% higher than the maximum SSA that non-porous fibres could achieve. JKR model describes accurately the fibreto-fibre contact area under the experimental conditions used for pore generation.
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